Abstract. Telomeres are important for maintaining the integrity of the genome through the action of the shelterin complex. Previous studies indicted that the length of the telomere did not have an effect on the amount of the shelterin subunits; however, those experiments were performed using immortalized cells with stable telomere lengths. The interest of the present study was to observe how decreasing telomere lengths over successive generations would affect the shelterin subunits. As neonatal human dermal fibroblasts aged and their telomeres became shorter, the levels of the telomere-binding protein telomeric repeat factor 2 (TRF2) decreased significantly. By contrast, the levels of one of its binding partners, repressor/activator protein 1 (RAP1), decreased to a lesser extent than would be expected from the decrease in TRF2. Other subunits, TERF1-interacting nuclear factor 2 and protection of telomeres protein 1, remained stable. The decrease in RAP1 in the older cells occurred in the nuclear and cytoplasmic fractions. Hydrogen peroxide (H 2 O 2 ) stress was used as an artificial means of aging in the cells, and this resulted in RAP1 levels decreasing, but the effect was only observed in the nuclear portion. Similar results were obtained using U251 glioblastoma cells treated with H 2 O 2 or grown in serum-depleted medium. The present findings indicate that TRF2 and RAP1 levels decrease as fibroblasts naturally age. RAP1 remains more stable compared to TRF2. RAP1 also responds to oxidative stress, but the response is different to that observed in aging.
Introduction
Telomeres are the specialized nucleoprotein structures found at the ends of the linear chromosomes of eukaryotic cells. They are comprised of tandem arrays of short DNA sequence repeats. Human telomeres are composed of several kilobases of 5'-TTAGGG-3' sequences on what is referred to as the G-rich strand. The majority of the telomere repeats are found as duplexes, but the 3' end of the G-rich strand extends as a single strand. Telomeres do not encode proteins. Instead, their repeat sequences partly serve as a 'buffer' that can be lost when the 5' terminal RNA primers cannot be replaced following DNA replication [reviewed in (1) ]. The telomere length is normally maintained in embryonic cells and stem cells by the activity of telomerase. However, telomeres are shortened with each successive round of DNA replication in cells that no longer express telomerase, such as terminally differentiated skin fibroblasts. Generally, once telomeres reach a critically short length, cells become senescent (2) .
Shelterin is a six-member protein complex that associates with telomeric DNA in mammals [reviewed in (3) ]. In cells with telomerase activity, shelterin has a role in maintaining telomere length. This complex is generally required to protect the ends of the chromosomes from proteolytic degradation and prevent them from being recognized as double-stranded DNA breaks. Without the protection of shelterin, DNA repair mechanisms would be triggered, fusing the chromosomes end-to-end resulting in genomic instability (3) .
The six subunits of shelterin are telomeric repeat factor 1 (TRF1), TRF2, TERF1-interacting nuclear factor 2 (TIN2), protection of telomeres protein 1 (POT1), tripeptidyl peptidase 1 (TPP1) and repressor/activator protein 1 (RAP1). Among the subunits, TRF1 and TRF2 bind to the duplex region of the repeat array (4, 5) . Although structurally similar (6), TRF1 and TRF2 have extremely different roles at the telomeres and bind to distinct sets of partner proteins [reviewed in (7) ]. TRF1 negatively regulates telomere length (8) and facilitates telomere DNA replication (9) , while TRF2 is essential for telomere capping (3) and protecting the telomeres from DNA damage repair mechanisms (10) . TRF1 and TRF2 interact with TIN2. TIN2 stabilizes the TRF1-TRF2 interaction onto telomeric DNA (6) . TRF2 also binds to RAP1, but TRF1 does not (11) .
The POT1 and TPP1 subunits of the complex are interacting partners (12, 13) , and the two proteins are represented in equal amounts in cells (14) . The POT1 protein is found at the 3' end of the G-rich strand, bound to the single-stranded TTAGGG repeats (15) . TPP1 is required for the stability of POT1 (16) . The TPP1-POT1 complex prevents a DNA damage repair response at the telomeric overhang site (17, 18) . TPP1 is also involved in connecting POT1 to TIN2 (13, 19, 20) . As TIN2 also binds to TRF1 and TRF2, it serves to connect all of the DNA binding activities of shelterin (21) (22) (23) .
Of the six shelterin subunits, the highly conserved RAP1 protein is the only subunit that is not essential in mice (24, 25) . As part of shelterin, RAP1 contributes to the maintenance of genome stability by protecting telomeric DNA ends from non-homologous end joining (26, 27) and from homologous recombination that can alter telomere length (24) . RAP1 is recruited to telomeric repeats by TRF2, and in mouse cells, RAP1 levels are dependent on TRF2 (10) . In humans, RAP1 is more abundant than TRF2, and knocking down TRF2 resulted in a reduction in RAP1 (14) . By contrast, immunodepletion of RAP1 resulted in a loss of TRF2 from cell extracts (26, 27) .
RAP1 has non-telomeric activities as well. In the nucleus, mouse RAP1 associates with non-telomeric chromatin, and a knockout leads to an alteration in the expression of a set of genes, about a third of which contained TTAGGG sequences in their promoter regions (25) . In human cells, RAP1 binds to selective telomeric sequences located at interstitial sites and regulate gene transcription (28) . In addition to its nuclear functions, RAP1 has been found in the cytoplasm of human cells. RAP1 is required for inhibitor of nuclear factor (NF)-κB kinase (IKK) phosphorylation of the p65 subunit of NF-κB, making p65 competent for transcriptional activation (29) .
The telomere is a dynamic structure, and the interaction between its proteins and DNA is key to the integrity of the genome. Progressive shortening of telomeres that occurs in normal, somatic cells suggests that telomere stability is disrupted over time since there should be fewer available binding sites for shelterin to bind. A previous study assessed whether there was a correlation between various lengths of telomere sequences and the levels of the shelterin components (14) . However, the study was performed using immortalized cells with varying length telomeres that maintained those lengths generation after generation. A quantitative analysis of shelterin components in cells that undergo normal telomere attrition would be informative in understanding the natural aging process. In the present study, the progression of normal, somatic cells was followed through their natural life span using neonatal human dermal fibroblasts.
Telomere lengths and cellular phenotypes of young cells (low population doubling) and old cells (high population doubling) were observed and the levels of shelterin components in the two populations were compared. In addition, the expression levels of RAP1 were evaluated in the nucleus and the cytoplasm of cells that were naturally or prematurely aged by hydrogen peroxide (H 2 O 2 )-induced oxidative stress or via serum deprivation.
Materials and methods
Cell lines. Human dermal fibroblasts derived from neonatal foreskin (HDFn) and growth medium were obtained from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA). HDFn cells were grown at 37˚C with 5% CO 2 in medium 106 supplemented with low serum growth supplement. Cells were passaged according to the manufacturer's protocol. The population doubling levels (PDLs) of cells were calculated as follows: PDL = 3.32 x (logX harvest -logX seeding ) + starting PDL, where X harvest is the number of cells at the time of harvest and X seeding is the number of cells seeded (30) . The U251 glioblastoma cell line was kindly provided by Dr Prakash Chinnaiyan from the H. Lee Moffitt Cancer Center and Research Institute (Tampa, FL, USA). U251 cells were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in 5% CO 2 environment at 37˚C. At each passage, the cells were grown to 80-100% confluence and were subsequently split at a 1:5 ratio.
Telomere length analysis. To isolate genomic DNA, HDFn cells were grown in 100-mm plates. When the cells were ~95% confluent, the genomic DNA from a desired PDL was isolated using the DNeasy ® Blood and Tissue kit (Qiagen, Valencia, CA, USA). The lengths of telomeres were analyzed using the TeloTAGGG Telomere Length assay from Roche Life Sciences US (Indianapolis, IN, USA) according to the manufacturer's protocol. Briefly, equal amounts (1.5 µg) of genomic DNA from young and old cells were digested with RsaI and HinfI, which digest non-telomeric sequences but leave telomere intact. The generated DNA fragments were resolved on a 0.8% agarose gel for 4 h at 80 V. Transfer of the DNA fragments onto a nylon membrane by capillary action occurred for ~24 h. DNA was cross-linked with UV to the nylon membrane using a Stratalinker (Stratagene, Santa Clara, CA, USA) according to the manufacturer's protocol. Both prehybridization and hybridization were performed at 42˚C overnight with gentle agitation. Detection of the signal was performed using autoradiography. Calculation of the mean telomere lengths was determined using Telometric (31) .
Cell extract preparation and fractionation. For whole cell extracts, HDFn cells were grown in 100-mm dishes to ~95% confluence. At the desired population doubling, cells were washed with cold 1X phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation assay buffer [150 mM NaCl, 1.0% NP-40, 0.5% deoxycholate, 0.1% SDS and 50 mM Tris-HCl (pH 8.0)] containing protease inhibitors (cOmplete EDTA-free Protease Inhibitor Cocktail Tablet; Sigma-Aldrich, St. Louis, MO, USA) for 2 min. The cells were scraped from the surface of the flasks, transferred to microcentrifuge tubes and centrifuged at 20,000 x g for 5 min. The soluble fractions were transferred to new tubes. For cellular fractionation, the cells were washed with cold 1X PBS and fractionated as previously described (32) . Protein concentrations of all samples were determined using the Pierce ® BCA Protein assay kit (Thermo Fisher Scientific, Inc., Chicago, IL, USA).
Induction of oxidative stress. Oxidative damage was introduced to HDFn cells by treatment with H 2 O 2 as follows. The cells were grown in 100-mm dishes to ~95% confluence to a PDL of 9. Short-term oxidative stress was induced by incubating cells in medium containing a final concentration of 20 µM H 2 O 2 . The cells were exposed to the H 2 O 2 for 2 h at 37˚C. Cells without H 2 O 2 treatment were run in parallel as a control.
After the incubation, treated and untreated cells were washed with 1X PBS and fresh growth medium was added. Four days post-treatment, images of the cells were captured, and the were subsequently fractionated as previously described (32) . U251 cells were stressed using H 2 O 2 or serum deprivation. The cells were grown in 100-mm dishes to ~80% confluence in DMEM/10% FBS. Short-term oxidative stress was induced by adding H 2 O 2 at a final concentration of 1 mM for 3 h at 37˚C. For serum-starvation, cells were grown in DMEM/0.5% FBS at 37˚C overnight. Cells without H 2 O 2 treatment, grown in DMEM/10% FBS were run in parallel as a control. Following the incubation, cells were washed with 1X PBS and harvested, lysed and fractionated as previously described (32) .
Immunoblotting. The samples were resolved on 10% SDS-polyacrylamide gels and were transferred onto nitrocellulose membranes. Blocking and incubation with antibodies was performed in 5% non-fat dry milk/10 mM Tris (pH 7.5), 150 mM NaCl and 0.05% Tween-20 (TBST). Membranes were washed with TBST. The primary antibodies used in the study were obtained from the following vendors: mouse monoclonal anti-human TRF2 (cat. no. 05-521) from Calbiochem (Billerica, MA, USA) used at 1:1,000 dilution; rabbit polyclonal anti-human RAP1 (cat. no. A300-306A) from Bethyl Laboratories (Montgomery, TX, USA) used at 1:2,000 dilution; rabbit polyclonal anti-human TIN2 (cat. no. ab82998) from Abcam Inc. (Cambridge, MA, USA) used at 1:1,000 dilution; rabbit polyclonal anti-human POT1 (cat. no. NB500-176) from Novus Biologicals (Littleton, CO, USA) used at 1:1,000 dilution; and goat polyclonal anti-human actin (cat. no. sc-1616) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) used at 1:2,000 dilution. Secondary antibodies conjugated to horseradish peroxidase were used in conjunction with the SuperSignal West Pico chemiluminescent kit (Thermo Fisher Scientific, Inc.) for detection of the proteins in Figs. 1B, 2 and 3. For Fig. 1A , protein detection was performed using the Odyssey (LI-COR Biosciences, Lincoln, NE, USA) with the secondary antibodies IRDye 800CW (cat. no. 925-32211) and IRDye 680RD (cat. no. 925-68070) used at 1:50,000 dilutions. The intensities of the bands were determined either densitometrically using ImageJ (33) or using the Odyssey CLx imager quantitation program.
Results

HDFn cells at increased PDLs exhibit hallmarks of aging.
The present study aimed to determine the fate of the shelterin subunits in normal, differentiated human cells with a finite number of divisions as they age using HDFn cells. The cells grew for specific numbers of PDL and young cells of only a few PDL were compared with old cells isolated following numerous doublings. Before analyzing the shelterin complex, cell aging was confirmed by examining the cellular morphologies and telomere lengths of young and old cells. HDFn cells isolated at 3 or 6 PDL were considered to be young, and cells at PDL28, PDL32 and PDL38 were considered old. These PDLs were chosen to represent old cells to avoid using senescent cells that have telomeres that have become critically short and are no longer dynamically changing. At PDL6, the cells appeared long and slender with spindle-like features characteristic of young fibroblasts (Fig. 4A and B) . By contrast, cells at PDL38 were irregularly shaped, more flattened with the presence of large vacuoles and had an increased cytoplasm volume ( Fig. 4C and D) . As HDFn cells are terminally differentiated, their telomeres are expected to shorten with each round of DNA replication. The telomere lengths were measured in young (PDL3) and old (PDL38) HDFn cells. As expected, the telomere lengths were heterogeneous (Fig. 4E) . The mean terminal restriction fragment length for the HDFn cells at PDL3 was ~10.5 kilobase pair (kbp) while it was ~5.1 kbp for the HDFn cells at PDL38. In addition to the decreased length of the telomeres, the telomeric signal of the DNA isolated from the old cells was significantly reduced compared to the younger cells, indicating less telomeric DNA in the older population. Abundance of shelterin components as telomeres shorten in aging cell populations. The levels of various shelterin subunits in young and old HDFn cells were measured. When comparing TRF2 levels of older (PDL28) and younger (PDL6) cells, the amounts of TRF2 were diminished in older cells to approximately one-third of those observed in the younger cells (Fig. 1A) . However, when RAP1, which requires TRF2 to direct it to the telomeres, was measured from the same samples, the level in the older cells was 75% that of the younger cells.
The POT1 subunit binds to the single-stranded repeats at the end of the G-rich strand. The TIN2 protein forms a bridge between POT1 and the rest of the shelterin complex. Levels of the single-stranded DNA binding protein POT1 and its interacting partner TIN2 were compared between young (PDL6) and old (PDL32) cell populations. The POT1 and TIN2 proteins appeared to be at approximately the same levels in the young and old cells (Fig. 2B) .
Subcellular localization of RAP1 and TRF2 in young versus old cell populations.
To determine where in the cells the RAP1 and TRF2 proteins were located, nuclear and cytoplasmic fractions of young (PDL3) and old (PDL38) HDFn Proteins were resolved by SDS-PAGE, and immunoblotting was performed to detect RAP1. Images were from the same blot with irrelevant information deleted for visual clarity. (C) U251 cells were grown in normal medium (Untreated), serum-depleted medium overnight (-Serum) or medium with 1 mM H 2 O 2 for 3 h (+H 2 O 2 ). Cell lysates were fractionated into cytoplasmic (C) and nuclear (N) portions. Proteins were resolved by SDS-PAGE, and immunoblotting was performed to detect RAP1. cell lysates were analyzed. As expected, TRF2 was only found in the nucleus (Fig. 2, upper panel) . RAP1 was found in the nuclear and cytoplasmic fractions (Fig. 2, lower panel) . When measuring total levels of TRF2 and RAP1 by adding the amounts for each fraction together and subsequently comparing old and young cells, the TRF2 and RAP1 levels at PDL38 (Fig. 2) had continued to decline as the cells aged from PDL28 (Fig. 1A) . In the older (PDL38) cells, TRF2 levels were ~26% of those from the PDL6 population, while RAP1 levels of PDL11 were ~53% of those of PDL6. Although decreased, the levels of RAP1 continued to remain higher in the older population. However, the decrease in RAP1 levels was distributed between the nuclear and cytoplasmic pools.
Effects of oxidative stress on RAP1. When young HDFn cells were treated with H 2 O 2 they showed typical aged-cell morphologies (Fig. 3A compared to cells at PDL38 in Fig. 4C and D) .
To determine the effects of oxidative stress on RAP1, HDFn cells were treated with H 2 O 2 and fractionated into cytoplasmic and nuclear portions. In the untreated cells, RAP1 levels in the cytoplasm and nucleus were similar, but H 2 O 2 treatment resulted in a loss of the nuclear RAP1 with no effect on the cytoplasmic pool (Fig. 3B) . To determine whether this phenomenon was a general feature of all cells or just those without telomerase activity as in the HDFn cells, U251 glioblastoma cells were exposed to H 2 O 2 . Similar to the results of the H 2 O 2 -treated HDFn cells, the nuclear RAP1 was severely depleted (Fig. 3C) . Withdrawing serum, which results in oxidative stress, from U251 cells led to RAP1 levels in the cytoplasm and nucleus that were similar to the levels in cells treated with H 2 O 2 (Fig. 3C) .
Discussion
Telomeres protect the ends of linear chromosomes, providing genomic stability. The DNA repeats of the telomere serve as a binding platform for the shelterin complex. As opposed to the rest of the genome in normal, terminally differentiated cells, the telomere is a dynamic structure. As cells replicate their DNA for cell division, the telomere shortens due to an inability to replace the terminal RNA primers. Thus, the length of the telomere limits the number of replication cycles in cells without telomerase, the enzyme that normally extends telomeres in embryonic and stem cells.
As cells progress through numerous divisions, telomere shortening is believed to result in a reduced number of binding sites for the shelterin complex, leading to the expectation that shelterin subunit levels may decrease concomitantly. A previous study showed that the levels of the shelterin subunits did not reflect telomere lengths (14) . However, those experiments were performed using immortalized cell lines with telomeres that were stable across generations. To the best of our knowledge, the present study is the first to compare levels of shelterin components between younger and older populations in a single-cell lineage of human dermal fibroblasts as they age.
HDFn with a finite lifespan were grown and isolated at early passages (young cells) or after numerous PDLs (old cells). Particular PDLs for the old cells were chosen, such that the cells exhibited aging cell morphologies and shortened telomeres (Fig. 4) without being completely senescent, in order to determine the fate of shelterin as the telomere is changing. As telomere repeats decrease in number over generations, the single-stranded DNA overhangs at the ends of the telomere should remain stable. Congruently, the levels of POT1, which bind to the single-stranded DNA of the telomere, were the same in young and old cells (Fig. 1B) . TPP1 is one of the binding partners of POT1 (12, 13) , and TPP1 and POT1 are found in a 1:1 stoichiometry in shelterin (14) , thus the levels of TPP1 were not assessed. TIN2 connects POT1/TPP1 to the remainder of shelterin (21) (22) (23) . TIN2 levels in the present study also did not change as cells aged (Fig. 1B) .
As the telomere lengths decrease, the levels of TRF2 decreased (Fig. 1A) . This result would support the general hypothesis that the loss of potential binding sites in the telomere would affect the abundance of telomeric protein.
Technical difficulties complicated the measurement of TRF1. However, previous study has shown that TRF1 levels are substoichiometric compared to the levels of TRF2 (14), so we would speculate that the levels of TRF1 would also decrease at a rate similar to that of TRF2. The levels of RAP1, the binding partner of TRF2, also decreased in older cells, but the decrease was less than that of TRF2 (Fig. 1A) . These data are in line with RAP1 being involved in one or more non-telomeric functions, possibly DNA binding for the control for the control of gene expression in the nucleus (25, 28) and as an effector protein for NF-κB signaling in the cytoplasm (29) as cells age.
Since RAP1 has been found to play roles in both the nucleus and cytoplasm, we undertook experiments to determine where the decreases in RAP1 levels occurred in older cells. As has been shown previously (29, 14) , we only detected TRF2 in the nucleus of cells, but RAP1 was found in both the nuclear and cytoplasmic fractions (Fig. 2) . Interestingly, the decrease in the levels of RAP1 was distributed between the nucleus and the cytoplasm with the levels in each compartment decreasing the same relative amount. The decrease in the amount of RAP1 in the nucleus most likely reflects the decrease in TRF2. The RAP1 remaining in the nucleus is probably made up of both RAP1 that is associated with the telomere repeats that remain and the RAP1 bound at other chromosomal locations. It was surprising that the cytoplasmic levels of RAP1 also declined in the older cells. Since RAP1 has been shown to be a positive regulator of NF-κB signaling (29) , some RAP1 may remain in the cytoplasm to carry out that function. NF-κB normally provides cells with protection from apoptosis (34 and references therein). Based on the finding that knocking down RAP1 sensitized breast tumor cells to apoptosis (29) , it is possible that RAP1 in the cytoplasm may decrease over successive generations to allow aged cells to become more susceptible to apoptosis as well. This may provide a mechanism by which cells that are old and more likely damaged (e.g., through the accumulation of ROS and DNA damage) will undergo apoptosis rather than become immortalized. Another possibility is that the levels of RAP1 may decrease in older cells so that a different effector protein can regulate NF-κB signaling. Since increased NF-κB activation makes fibroblasts less susceptible to reprogramming (35) , it seems likely that RAP1 may be exchanged for some other signaling factor. This may allow the cells to alter their responses to various stimuli between young and old cells. Hypothetically, decreased RAP1 levels may help provide a barrier to cellular reprogramming and sensitize cells to apoptosis. Additional study in this area seems prudent.
One factor known to affect aging is oxidative stress. As cells replicate, oxidative damage accumulates, and this can be seen in cellular phenotypes. We treated our young neonatal human dermal fibroblasts with H 2 O 2 to cause premature aging. The levels of H 2 O 2 we used resulted in cellular morphologies reminiscent of old cells (Fig. 3A) , which correlate with previous studies, though telomeres did not shorten (36) . Using these conditions, nuclear RAP1 levels were greatly diminished while the levels in the cytoplasm remained relatively stable (Fig. 3B) . Similar results were obtained when U251 glioblastoma cells were treated with H 2 O 2 , indicating that the decrease in RAP1 levels occurs in cells that express telomerase, maintaining long telomeres, as well as in the HDFn cells that do not express telomerase. Serum depletion has been shown to increase the occurrence of ROS in cells. We depleted serum from the growth medium of U251 cells, the RAP1 levels in the nucleus decreased, but those in the cytoplasm remained stable, similarly to the H 2 O 2 treatment (Fig. 3C) . Overall, RAP1 levels in the nucleus decreased when the cells were treated with H 2 O 2 or serum-depleted medium, suggesting a possible role for RAP1 in the response to oxidative stress. The maintenance of RAP1 in the cytoplasm of the stressed, young HDFn cells and the immortalized glioblastoma cells seems likely due to maintaining NF-κB signaling to promote cell survival. The conditions used for the H 2 O 2 treatment of the HDFn cells do not result in a loss of telomeric repeats (36) , and yet there is a loss of nuclear RAP1. One possible explanation is that the cytoplasmic RAP1 is turned over rapidly during NF-κB signaling under such extreme conditions, and the nuclear RAP1 translocates to maintain the cytoplasmic pool for continued signaling.
